Synthesis of bis-4,5-diazafluoren-9-one silver(I) nitrate I, (dafone = 4,5-diazafluoren-9-one) and low temperature X-ray single crystal structure of [Ag(4, and 4 µg/ml, respectively). Three different hydrogels containing I or Ag 2 SO 4 were prepared and the antimicrobial activity against Pseudomonas aeruginosa (ATCC 15442) compared, showing more or less equal activity on a weight basis, but I seems to have a significant better performance per silver ion. The Ag(I) complex also binds more effectively to calf thymus DNA than the dafone ligand itself.
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Introduction
Silver has a long history of antimicrobial activity, long predating the discovery of microorganisms, 1 and before the advent of modern antibiotics silver in various forms was used in several medical indications. Since then its applications have declined, for example the compulsory dropping of AgNO 3 solutions in the eyes of newly born babies was discontinued in Sweden 23 years ago. 2 However, the antimicrobial activity of the silver(I) ion is real, 3 and use of silver nitrate for the infection prevention and topical treatment of burns and hard-to-heal wounds was revived in the 1960's, although its clinical effects were not undisputed. 4 The introduction of silver sulphadiazine (also know under different trade names) towards the end of the decade appeared to be an improvement and is still widely used. 4 In more recent times a number of different wound healing concepts based on silver, including "nanosilver", have been introduced, although conclusive clinical evidence for their efficiency has not always been established. 3, 5, 6 While silver preparations are not seriously considered as contenders in the general battle against multiresistant bacteria, 7 it is however likely that they will continue to play a role in the future, especially in wound healing applications where topical treatment is necessary because of reduced circulation. 8, 9 In passing, it should be noted that the use of "colloidal silver" and other preparations advocated by "alternative" medicine seem to be without scientific base, for example there are no evidence whatsoever that silver has a positive effect on the human immune system, and silver has, as far as we know, no biological role in humans or any other known biological system. On the contrary, continuous exposure to silver as "nutritional supplement" might have averse effects, despite the known low toxicity of the silver(I) ion. 10 In the light of this antimicrobial activity, a number of research groups have been searching for new silver(I) complexes to be used in medicine, and not exclusively for wound care. We have recently showed how ligands based on nicotinic acid (essential for the human body) can
give Ag(I) complexes active against clinical isolates belonging to multiresistant strains of four pathogenic bacteria; S. aureus, S. pyogenes, P. mirabilis and Ps. aeruginosa, and in all cases
Herein we present the synthesis of bis-4,5-diazafluoren-9-one (= dafone, see Scheme 1) silver(I) nitrate, compound I, and the X-ray single crystal structures of its two crystalline forms 1 and 2.
We comment on the solution chemistry of I by the use of 1 H-NMR and ESI-MS and compare the antibacterial activity against six different clinically isolated pathogens with those of 15 commercial antibiotics.
We also take this research one step further towards applications by incorporating compound I into three different hydrogels based on dimethacrylated polyethylene glycol, potential carrier materials in a wound dressing, and compare the activity of these gels against Pseudomonas aeruginosa with hydrogels containing Ag 2 SO 4 .
In addition, the binding of dafone and I to DNA was investigated by linear dichroism (LD) .
N N O Scheme 1. 4,5-diazafluoren-9-one (dafone)
Results and Discussion
Synthesis of silver complexes The two crystalline forms 1 and 2 of this study were synthesised via addition of an ethanol solution of the ligand to silver nitrate dissolved in water under continuous stirring. Both a 1:1 and a 1:2 ratio of metal to ligand gave 30% yields of 1 or 2 with respect to the limiting starting material, and no other products. were collected from the same batch.
Synthesis of silver loaded hydrogels To vary degrees of cross linking of the hydrogels different molecular weights of dimethacrylated PEG (polyethylene glycol) monomers (PEGDMA) were used and three gels containing different ratios of PEGDMA8k, PEGDMA20k, TEGDA (triethylene glycol diacrylate) and PEGDA700 were prepared with water as a solvent.
Silver sulphate (2% and 6% by weight) and 1 (2%) with 1% photoinitiator was added and the mixtures cured with a UV Lamp giving nine different gels. Notable differences in appearance of the produced gels were noted: while the gels with 1 were white/transparent much like a nonsilver containing gel, the gels with Ag 2 SO 4 were severely discoloured, see Figure 1 . Crystal Structures The two structures are strikingly different, we will therefore first present each structure and in conjunction make appropriate comments, and thereafter we will bring up the points that are of general interest in dafone coordination chemistry.
Crystallographic data and refinement parameters for crystal forms 1 and 2 are listed in 2.362(3)Å, where pdon = 1,10-phenanthroline-5,6-dione. 35, 36 The coordination around silver in 1 appears to be rare: we found only five five-coordinated silver complexes in the CSD 37 with a N 4 O coordination sphere, and only one three-coordinated silver complex with additional axial N-ligands that has a geometry coming close to the present one. This is catena-(bis(m2-2-Ethyl-3-methylpyrazine-N,N')-bis(4-aminobenzenesulfonate-O)-aqua-di-silver(I)) with axial Ag-N distances of 2.78 Å and a close to linear N-Ag-N geometry in the trigonal "base". 38 Figure 2. Numbering scheme with atomic displacement ellipsoids drawn at 50% probability level for crystal form 1.
Hydrogen bonds of the type C-H...O, Table 2 , connect the monomeric units of the compound together to form sheets of molecules, see Figure 3 . The hydrogen bonds formed through dafone exocyclic oxygen atoms seem to be stronger than those formed through nitrate oxygen atoms, perhaps due to the coordination of the nitrate group to the Ag(I) centres. Symmetry transformations used to generate equivalent atoms:
A previous room temperature (298 K) structure determination for 2 was recently reported, 39 herein we present a more precise structure determination at low temperature (153 K) with atom numbering given in Figure 4 . Note that the asymmetric unit contains two half [Ag(4,5-diazafluoren-9-one) 2 ] cations, with the Ag atoms on independent inversion centres. shorter Ag-N bonds, a linear coordination is also a relevant assignment. Interestingly, Biju and Rajasekharan found that the most stable structure calculated by DFT methods was a tetrahedron but that an additional, slightly higher, minima was found for a square planar structure with two very long (2.8 Å) bonds. 39 Accepted manuscript New Journal of Chemistry, 35, 640-648, 2011 http://pubs.rsc.org/en/content/articlelanding/2011/nj/c0nj00697a
As the most important difference between a high and low temperature structure is the much improved hydrogen positions, we report the hydrogen bonding in detail in Table 3 . It is notable that there is no extended pattern of strong hydrogen bonds, probably because only the single water molecule can act as a strong hydrogen bond donor. Instead, these hydrogen bonds link the ketone with the nitrate, and the overall picture is that of close packed columns of planar silver complexes with nitrate ions in-between. Symmetry transformations used to generate equivalent atoms:
Of the 35 reported structures with dafone coordinated to a metal centre via ring nitrogen atoms 
Solution chemistry of silver complex I 1 H-NMR
Since both crystal forms are only sparingly soluble in hot water, the 1 H-NMR spectra were recorded with DMSO-d6 as a solvent. Compared to the free ligand in the same solvent, complex-induced shifts of about 0.04-0.05 ppm for para-and meta-protons were observed, see although we could see some turbidity formed in this experiment.
Antimicrobial activity
Complex I in solution The MIC values, or minimum inhibition concentrations, against six different clinically isolated pathogens were investigated in DMSO for I and 15 commercial antibiotics, see Table 5 . 1 Used for a wide range of infections, mainly works through disrupting the synthesis of the peptidoglycan layer of bacterial cell wall; 2 Used for infections caused by Gram negative bacteria such as Eschericia coli and Klebsilla particularly Pseudomonas aeruginosa, these molecules bind to the bacterial 30S and 50S ribosomal subunit causing misreading of mRNA leaving the bacteria unable to synthesize proteins vital to its growth. 3 Have the same mode of action as β-lactam antibiotics inhibiting peptidoglycan synthesis. 4 >256 = resistant (0 mm inhibition zone).
Compound I shows a wide spectrum of antibacterial activity against the tested bacterial strains, comparable to the broad spectrum Fortum and Amikin antibiotics, and was significantly more active on a mg/ml basis against P. mirabilis (MIC value 4 µg/ml compared to 72 µg/ml for the best performing commercial agent Fortum) and also highly active against K. pneumoniae. The results listed in Table 5 confirm that most of the bacterial strains used in this test are completely 33 The Ag(I) complexes of the chelating ligand pyridine-2-carboxaldoxime and the substituted aminopyridine 2-amino-3-methylpyridine considerable activity against S. lutea, M. lutea and S. aureus and against the yeast Candida albicans. 34 We also note that the related compound [Ag(1,10-phenanthroline-5,6-dione) 2 ]ClO 4 was reported to be very active against the yeast C. Albicans.
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Complex I in hydrogels
The nine hydrogels prepared were tested on tryptic soy agar plates containing a culture of Pseudomonas aeruginosa (ATCC 15442). The zones of inhibition after 22h incubation were measured and are presented in Figure 5 . We note that these data are preliminary and only give a rough guide to the potential antibacterial efficiency of the various preparations. However, it seems that complex I has advantages compared to the simple silver salt. The discolouring of the silver sulphate gels may actually have little effect on silver release, and is likely the result of a reduction process initiated by the UV curing. More importantly, the consistent results of the three gels containing Accepted manuscript New Journal of Chemistry, 35, [640] [641] [642] [643] [644] [645] [646] [647] [648] 2011 http://pubs.rsc.org/en/content/articlelanding/2011/nj/c0nj00697a the dafone complex suggest a uniform distribution of the silver ion in the gels. On the contrary, especially the result indicating a higher activity of a lower level of Ag 2 SO 4 , hint at a nonuniform Ag concentration in these gels; possibly related to the discolouring phenomenon. It may well be that the complex bound silver ion is protected from unwanted side reactions during the polymerization step. Finally, allowing for a rather large experimental error it may be concluded that 2% Ag 2 SO 4 and 2% I has approximately the same inhibition effect. Considering that Ag 2 SO 4 contains 69% silver and compound I only 22% we note that the antibacterial efficiency per silver ion is likely greater for I.
DNA Binding
The antibacterial action of silver ions is not known in any detail on the molecular level, but (1) interference with electron transport, (2) interaction with cell membrane and (3) binding to DNA have been proposed. 50 That silver(I) ions in the form of silver nitrate does indeed interact with DNA was shown more than 40 years ago, 51, 52 and, as was shown for silver sulfadiazine, compounds of silver(I) may gave different effects. 53 Thus the DNA binding properties of the silver-dafone complex I were investigated using flow LD and calf thymus DNA. Since LD is a measure of the differential absorption of parallel and perpendicular light relative to an orientation axis, only molecules that bind to DNA aligned in the shear flow will show an LD signal. Fig. 6 (A) shows LD spectra of DNA alone and with addition of compound I at different concentrations. The negative peak at 260 nm originates from the nucleobases that are perpendicular to the helix axis in B-form DNA. This DNA peak is clearly shifted towards longer wavelength and the signal is decreased with increasing concentration of added silver compound. This confirms that the compound binds to DNA, and the effect is similar to what has been observed for titration of silver nitrate to ctDNA 52 indicating that the silver compound also alter the DNA structure. perturbation of DNA conformation, not observed when only the ligand is bound. Further, the same LD spectrum of the complex and DNA shows a negative peak around 320 nm, originating from dafone, which is much weaker for the dafone ligand alone (inset), proving that the complex has a stronger DNA binding than the ligand itself. (Although we should add that a synergistic effect involving silver ions in one site and an uncoordinated dafone ligand in
another cannot be completely ruled out.) 
Conclusions
We have further showed that unusual coordination geometries are often found with the dafon ligand, and we have characterised the [Ag(dafon) 2 ] + complex in solution by NMR and ESIMS.
LD proves that both the dafone ligand alone and the Ag(I)dafone complex bind to DNA, and the increase in dafone LD signal when silver is present indicate a strong silver-dafone DNA interaction. In a comparative study we have moreover shown that in vitro the Ag(I)dafone complex is significantly more active on a mg/ml basis against a multi drug resistant strand of P.
mirabilis than any of the 15 tested antibiotics (MIC value 4 µg/ml compared to 72 µg/ml for the best performing commercial agent Fortum) and also highly active against K. pneumoniae.
Furthermore, in a preliminary study of hydrogels as possible carrier materials (for potential use in a real wound dressing), the [Ag(dafon) 2 ] + complex both gives a significantly better appearance of the gel with no discolouration, and approximately the same antibacterial effect compared to Ag 2 SO 4 but with only 1/3 of the silver content by weight.
Experimental details
Materials and methods
All chemicals were reagent grade and used without further purification. Silver sulphate with an average particle size of 4.723 microns was purchased from Alfa Aesar.
X-ray crystallography
Crystallographic measurements were made on a Siemens Smart CCD diffractometer with graphite 
Preparation and characterization of dimethacrylated PEG:s
Before use, PEG8k (Fluka) and PEG20k (Fluka) were dissolved in toluene and the solutions were heated to azeotropically dehydrate the PEG solution. MHz NMR instrument using CDCl 3 as solvent was used.
Electrospray ionization mass spectrometry (ESI-MS)
High-resolution ESI-MS analyses were performed on a Bruker APEX-Qe hybrid quadrupole
Fourier transform ion cyclotron resonance (Q-FT-ICR) mass spectrometer, equipped with an Apollo-II ESI source and a 4.7-T superconducting magnet. The instrument was operated in both positive and negative ion modes. About 1 mg of crystal form 1 was dissolved in 1 ml of DMSO (2 mM), since it is sparingly soluble in water, then 0.1 ml of this solution was diluted with 4 ml MeOH (the resulting solution is 0.05 mM Ag + tot ). This solution was infused into the ESI source at a flow rate of 1.5 µl/min and positive ions were detected. A solution of 6 mg NH 4 Cl in 10 ml water (10 mM) was prepared and 1 ml of this solution was added to 1 (DMSO/MeOH diluted solution; the resulting solution is 2 mM NH 4 Cl and 0.04 mM Ag + tot ), infused into the ESI source and both positive and negative ions were detected. As K sp for silver chloride is 1.6⋅10 -10 this means that the solubility product was surpassed by at least a factor of 500. The instrument was operated with Bruker XMASS 7.0.8 software and spectra were processed/analyzed with the use of Bruker DataAnalysis 3.5 software.
Testing of antimicrobial activity
Compound I
Antimicrobial activities of compound I were determined according to the recommendations of NCCLS40 by the use of a broth microdilution method. Minimum inhibitory concentrations (MICs) for the tested compounds were conducted using six clinical isolates, Staphylococcus aureus, Klebsiella pneumoniae, Proteus mirabilis, Salmonella sp., Pseudomonas aeruginosa and Streptococcus pyogenes. The test materials were dissolved in DMSO to give a stock solution that was subsequently diluted in the growth medium. The concentration used was 168 µg/disc.
Bacteria were cultured in Mueller Hinton Broth (MHB) for 24 h at 35
• C The MIC values correspond to the lowest concentration that inhibited bacterial growth. One bead of Pseudomonas aeruginosa (ATCC 15442) was spread on the surface of a TSA plate and incubated in 35°C over night. One of the formed colonies was transferred into 3 ml of TSB and thereafter incubated at 35°C over night.
The night culture was diluted to 106 cells/ml in bactopeptone water (0.85% NaCl and 0.1% peptone water). 0.1 ml of the cell suspension was transferred to each Muller Hilton agar plate (final concentration 105 cells/plate). The gels were gently added to the surface of the agar plate and left at room temperature for 60 minutes before incubation (35 °C for 22h).
DNA interactions measured by Linear Dichroism (LD)
Linear dichroism is defined as the differential absorption of linearly polarized light parallel and perpendicular to a macroscopic orientation axis,
Samples with calf thymus DNA were oriented in a Couette flow cell with an outer rotating cylinder at a shear gradient of 3100 s -1 . LD spectra were measured on a Jasco J-720 CD spectropolarimeter equipped with an Oxley prism to obtain linearly polarized light. 54 Spectra were recorded between 210 and 350 nm and corrected for background contribution by subtracting a spectrum collected without rotation of the Couette cell.
